14 Sensitivity is the key in optical detection of low-abundant analytes, such as circulating RNA or DNA. The are physically located away from the nanoparticle surface, and as such they remain "dark" in suspension.
donor), which allows for upconversion luminescence resonance energy transfer (LRET) that can be used to 23 quantify the difference between the free dye and tagged dye (energy acceptor). This scheme simply avoids 24 both auto-fluorescence under infrared excitation and many tedious washing steps, as the free dye molecules 25 are physically located away from the nanoparticle surface, and as such they remain "dark" in suspension. 26 Compared to alternative approaches requiring enzyme-assisted amplification on the nanoparticle surface, 27 introduction of probe DNAs onto nanoparticles only after DNA hybridization and signal amplification steps, 28 effectively avoids steric hindrance. Via this approach, we have achieved a detection limit of 15 pM in LRET 29 assays of human immunodeficiency viral DNA. Keywords: Exonuclease III, wash-free, suspension assay, upconversion nanoparticles, luminescence 2 resonance energy transfer. and cost-efficiency. However, detection sensitivity is still limited due to the high background interference 8 from auto-fluorescence from the bio-samples. In addition, many fluorophores suffer serious photobleaching 9 which leads to the poor reproducibility of the signal measurement. Morever, distinguised from conventional organic dyes, UCNPs provide high optical stablity for better 18 experimetal reproducibility, and also demonstrate good biocompatibility and low cytotoxicity 6 , as robust 19 molecular probes for biological imaging [7] [8] and molecular detection. has a double-strand specific, non-processive 3'-5' exo-deoxyribonulease activity that produces a step-by- more than four bases in length, it can be protected from Exo III activity. 29 Typically, the mononucleotides of 12 designed probe DNA can be stepwise removed without damaging the target DNA. This selective nucleotide 13 digestion feature can be exploited to significantly enhance the limits of detection in DNA assays.
15
In this study, we introduce the Exo III-assisted target DNA-triggered signal amplification technique to 16 further improve the detection sensitivity and simplicity of upconversion LRET for the detection and TAMRAs at 583 nm ( Figure 3A) . In contrast, the remaining free TAMRA dye molecules in suspension do 7 not come into close contact with the surface of the UCNPs, contributing no effect to the LRET process.
8
Therefore, the existence of the free TAMRAs in the solution does not influence the result of spectral 9 measurement, eliminating time-consuming and tedious washing steps.
11
In the case of Scheme 2, the TAMRA-tagged probe DNAs were first conjugated onto UCNPs for efficient 12 LRET, followed by addition of both target DNA and Exo III, designed for signal amplification. However, no X-ray powder diffraction (XRD), transmission electron microscopy (TEM), dynamic light scattering (DLS), Fourier transform infrared (FT-IR) spectroscopy, and X-ray photoelectron spectroscopy (XPS) were used to spacing of 0.58 nm, which is close to the d100 value of hexagonal phase NaYF4. 31 FTIR spectra were applied state to ground state have been displayed. 32 Though there was no spectrum shift in the peak emission of some other factors, especially water molecules. 33 The spectrum intensity changes (shown in Figure 2G In order to enhance analytical performance, the various experimental conditions were optimized (Figure 3 ).
30
The molar ratio of TAMRA-tagged probe-DNAs to EDC-activated carboxyl-UCNPs is an important 31 parameter for the detection sensitivity of the HIV DNA target. Increasing the amount of TAMRA-tagged 1 probe DNAs, the fluorescence of TAMRAs at 583 nm was gradually enhanced with the luminescence of 2 UCNPs at 539 nm reduced, and the ratiometric I583/I539 (shown in Figure 3A ) was correspondingly increased between UCNPs and TAMRA-tagged probe DNAs were completely finished within one hour ( Figure 3C ).
10
To ensure the complete reaction of Exo III-assisted signal amplification step is another important factor for 11 the sensitive detection. The curve of I583/I539 was plotted along reaction time and shown in Figure 3D . The 12 reaction efficiency increased during the first forty minutes and reached steady state after one hour. The 13 reaction time of Exo III assisted signal amplification for one hour was consequently used in this work. equal to 0.3 fmol, with relative standard deviation (RSD) within 15%. 
